Gelled liquid hydrogen was experimentally formulated using sol-gel technology.
Gelled propellants require a gellant that maintains a viscous thixotropic nature for an extended time. In metallized gelled fuels, dense metal particles are dispersed homogeneously throughout the fluid, and they must remain uniformly distributed in the liquid propellant during storage and transport. The distribution of particles is achieved by proper mixing, while the particle suspension can be maintained by gelling the metallized fueL The gelation of H2 fuel was successfully demonstrated in earlier NASA studies.1 -5 However, the studies of cryogenic fuels employed high loadings of frozen cryogens such as ethane or methane (10 to 20 wt%) or silica particles (10 to 40 wt % of the fuel) to prevent the metal particles from settling. Based on mission studies, the lowest gellant weight % is desired to maximize engine performance. The frozen cryogens add combustion energy to the fuel, but gelled hydrogen is often less energetic than pure hydrogen. However, the large fraction of silica gellant required does not make the hydrogen combustion process more energetic, making these type of gelled propellants impractical for propulsion applications.
More efficient gellants that provide higher combustion energy are desirable.
The silica gellant materials employed in earlier studies (Tetraethyl Orthosilicate or 
TEOS)
were produced pyrogenically and have nominal surface areas and particle diameters of approximately 100 m2 and 15 nm, respoctively.6, 7 The higher surface area translates into higher gelling efficiency, and therefore less gellant is used. These smaller dimension gellant particles may be prepared using sol-gel synthesis procedures and advanced processing methods. _i,7 In particular, tailored organic polymers are attractive candidate gelling agents since these materials are efficient gelling agents for nonpolar liquids and they contribute energy to the combustion of the cryogenic gel propellants.
Background
Gelled rocket propellants have been considered for many different applications. To verify the quality of gellant material that was produced, selected samples were subjected to physiochemical properties analyses, including determination of the specific surfaceareaof the BTMSE aerogel product.The quality of material produced was comparable to that produced in the earlier work. Table 1 shows the variation in the specific surfaces of different batches of gellant materials. Eleven batcheswere produced to determine the repeatab'dity of the production runs. Past experimental results have indicated the need for gellant material with a specific surface area in the region of 800-900 m2/g. Batch 1 fell short of this goal by a significant amount as this was the first experiment with the process, but almost all of the other batches produced the desired specific surface values. The results appear to indicate the existence of a critical gellant concentration, above which no settling was observed. This value resides somewhere between 0.07 and 0.03 wt% of gellant. Furthermore, this critical value does not apparendy change over those accelerations which were investigated, from 2 to 10 times that of gravity.
Cryo-Rheometer for Metallized
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The existing literature on hydrogen viscosity measurements describe techniques thatinvolve oscillating disks,torsional disks, and a varietyof f'mecapillary tubcs._-27 It was anticipated thatthese approaches would notbe applicable to themetallizedgelled hydrogen due to theirnon-Newtonian behavior.A directmeasurement approach, using a cone-and-plate cryo-rheometer design, was therefore initially sought. Additional considerations for the design were the capability to condense liquid hydrogen, mix the metal additives and gellant materials with the liquidhydrogen, maintain temperaturewithina narrow liquidwindow of 15 to 20 K during the theological measurements, maintain an oxygendepletedenvironment,and measure flow rate and viscosity in the low shear ratesfor rhcological properties, such as yieldpoint and pscudoplasticbehavior. The initial design was developed on the basis of the successful experience with cone/plate rheometers and preparing propane and ethane gels. These gels were mixed using an ultrasonic probe. The gelled hydrogen design involved modifying the existing rheometer to submerse a heat exchange chamber containing the cone-plate measuring element into a liquid helium dewar. The condensed hydrogen would then be mixed with the metallic additives and nanoparticulate gellant inside the housing with the ultrasonic agitation of the in-situ piezoelectric (PZT) crystals. However, preliminary experimentation revealed that adequate ultrasonic mixing could not be reliably attained, and that mechanical stirring would be required. The design was hence modified to allow the gel ingredients to be stirred in an external mixing chamber prior to transferring the hydrogen gel to the heat exchange chamber through an insulated delivery tube. The external mixer design was considered to be too complicated and its design could not ensure effective transfer of the gel due to the excessive thermal losses from the cryogenic (liquid helium) valves and long delivery tube. Therefore, the cone/plate rheometer design concepts were abandoned.
Capillary_ Flow Rheometer Desima. The final design selected was a capillary flow rheometer which is typically used to measure flow behavior of fluids in the high shear rate region. The key elements consist of two internal mixing cups of known volume (90 ml) connected with a transfer tube of predetermined inner diameter (0.001 m) and length (1 m). Each mixing cup is equipped with silicon diodes and heaters for temperature sensing and control. They are housed in a heat exchange chamber which is submerged in liquid helium inside a magnetic dewar. The interior of the heat exchange chamber is either filled with helium gas for thermal exchange between mixing cups and dewar, or in a vacuum to provide thermal isolation of the mixing cups. Hydrogen gas is condensed in the temperaturecontrolled buffers which function as liquid hydrogen reservoirs. The liquid hydrogen is mixed with metallic additives and nanoparticulate geUant in the mixing cups equipped with long-shaft stirrers and powered by twin external motors. An in-situ liquid level probe, which consists of a string of seriesconnected carbon resistors, is used to determine the volume of hydrogen gel inside each mixing cup.
The key measurement is the time required to expel a known volume of gel from one mixing cup to another. The gel expulsion is achieved through releasing helium gas into one of the two the mixing cups to establish a constant pressure gradient between the two mixing cups. These measurements provide the flow rate versus expulsion pressure (Q vs. P) profile for a given geL The viscosity for Newtonian fluids can be determined using the Hagen-Poiseuille equation:
where rtayn is the dynamic viscosity, AP is the pressure drop, Q is the volumetric flow rate, and Re and L refer to the inner radius and the length of the delivery tube, respectively.
For power-law fluids:
where t is the shear stress, r is the cylinder radius in the gap of the rheometer, and f_ is the rotation rate of the rheometer cylinder. These equations allow the capillary rheometer shear rate results to be compared with those for cone and plate rheometers.
(_ryogeni¢ RheomCter
Ex_riments and Resul_.
A check-out run of the cryorheometer was conducted with liquid neon (normal boiling point [N-'BP] of 27.1 K) and demonstrated that the system can safely be operated at liquid hydrogen temperatures. After this checkout, liquid hydrogen testing was conducted, followed by gelled hydrogen experiments.
In the rheometer, the gelled hydrogen is formed by filling one cup with BTMSE, filling the other with hydrogen, and forcing the hydrogen into the BTMSE to mix the two. Enough BTMSE was used to produce gelled hydrogen with a 7-wt% gellant loading: approximately 0.24 grams.
After thermal and chemical equilibria were attained (as evidenced by the temperatures becoming constant and by and zero pressure/gradient across the two cups), helium gas was introduced into the f_rst mixer cup, thereby creating a positive pressure of up to 1,000 Pa which expelled the hydrogen gel into the second cup. A key parameter in determining viscosity using this device is the time required to expel a known volume of material from one mixing cup to the other via the capillary path. Material transfer is accomplished through releasing helium gas into the mixing cup which contains the sample, thus establishing a constant pressure gradient between the two mixing cups. For the gelled hydrogen experiment in Figure 2 , the pressure drop for the transfer was 723.6 (0.105 psi) and there were 48 ml transferred in 250 seconds. A very smooth transfer occurred with the gelled hydrogen and the smoothness is attributed to the gellant creating and promoting a more laminar flow of the hydrogen.
In the rheological flow experiments, the upstream cup was maintained at approximately 4824.3 to 6891.8 Pa (0.7 to 1.0 psi) above atmospheric pressure and the downstream cup open to the ambient atmosphere.
The temperature of the hydrogen in the experiment was 16 K. Table 4 summarizes the results of the seven experimental runs. The pressurization of the liquid beyond the yield point results in rapid flow through the capillary.
Prior to reaching that point, however, pressure must first build up in the mixing cup to that yield point. Measurements of the pressure just prior to initiation of flow provides a direct measurement of the yield stress.
In the cryo-rheometer, yield stress was determined by a measurement of the capillary tube pressure drop, in terms of pounds per square inch. The pressure at which the flow is initiated corresponds to the yield stress associated with the yield point of the gellant molecular network. Table 5 provides the yield stress data for runs 7a and 7b (with gelled hydrogen).
Runs 7a and 7b are part of and related to Experiment 7 of Table 4 . The yield stress is very low and would be easily overcome using the typical tank pressures of The yield stress for gelled hydrogen was measured in the region of 1 psi. Viscosity after reaching the yield point of the gel network was found to decrease rapidly, approaching that of liquid hydrogen itself in the range of 0.046 to 0.116 mPa-s, allowing for nearly unrestricted flow after reaching the yield point. This thixotropic gel, with the very low yield stress will be required for conventional propellant transfer from propellant tankage to the rocket or airbreathing engines. The low yield point of the gel will also minimize the number changes to existing feed system and engine designs to use gelled propellants.
There are many possibilities for gelling liquid hydrogen and the selection of the gellant will depend on the mission needs; methane and ethane are advantageous and nanoparticulates are also a strong contender if the cost is reduced.
The To evaluate the gelling efficiency of polymer-derived nanoparticulates for extremely low temperatures, a 15-K capillary-flow rheometer was designed and assembled. A demonstration nan was conducted with liquid hydrogen gel using a BTMSE gellant mass fraction of 7 wt % and the gel exhibited a viscosity of 0.048 to 0.116 mPa-s at a moderate shear rate of 4,000 s-1. This is approximately only about 1.5 to 3.7 times higher than that for liquid hydrogen alone.
Experiments
to characterize the rheology of gelled and metallized gelled hexane were also conducted.
Syneresis and stability tests was conducted with gelled hexane and metallized gelled hexane (13.6-wt% Al) and a critical concentration of gellant, at a loading of 0.03 to 0.07 wt% BTMSE, was able to establish a stable gelled fuel during high acceleration testing at 2, 5 and 10 gravities.
Concluding Remarks
The low shear rates and consequently higher viscosities of the gelled hydrogen are not representative of those expected in a fullscale propulsion application, but they show a trend that implies that the gelled hydrogen will have a minimal viscosity difference from the ungelled hydrogen fuel under high velocity flow conditions. The objective of any future gellant optimization would be to produce a gellant material that is efficient for gelling liquid hydrogen at concentrations less than 2 to 3 wt %. At these concentration levels gellant material will have a much-reduced thermodynamic and engine system performance penalty over the currently-required 7 to 8 wt % gellant level. The Isp of a gelled hydrogen powered vehicle may also increase over a liquid hydrogen powered vehicle, in some cases. Figure A1 shows The candidate gellant materials were prepared from organic compound polymerization reactions carried out in an alcohol solution. The starting compounds used in the synthesis reactions were boron and silicon esters of ethyl and methyl alcohol. These compounds are known as alkoxides and are commonly used reagents in sol-gel synthesis of various glass and ceramic composition materials. Alkoxides containing ethyl (BTMSE) hydrocarbons were also used for synthesis purposes where an organic group was desired in the f'mal polymer gellant material The polymerization reactions were initiated through acid-catalyzed hydrolysis of the alkoxide compound.
Mustrative examples of the overall reactions revolved in the synthesis of single and copolymer composition products are given in Refs. 1 and 2. The hydrolysis and polymerization reactions proceed to form weakly-coherent, translucent alcogels in the reaction medium. Gel formation typically required anywhere from a few minutes to 24 hours depending on the catalyst, monomer concentration and temperature conditions employed.
Product Drvin_ and Recovery.
The precursors react to form, coherent polymer alcogels from homogeneous solutions containing as low as 0.05 molar monomer. These polymer alcogels consist of delicate three-dimensional structural networks that cannot be dried using conventional methods, such as vacuum bake and oven heating since these methods can lead to high surface tension forces at the solid-fluid interface and cause the networks to collapse. Two-zero surface tension drying techniques, freeze-drying and supercritical fluid processing, were used to recover products for this study. The freeze drying involves solvent freezing followed by evaporation of the frozen solvent at reduced pressure. A commercial unit having a processing capability of 5 liters was used in this study. Critical fluid processing involves the use of a fluid such as CO2 in a supercritical state. By raising the pressure and temperature above the critical point of the exchange fluid (304.2 K and 73 atm for CO2), it is possible to extract the solvent from the alcogel without encountering significant surface tension forces at the solid-fluid interface. Nanoparticulate gellant materials with large specific surface areas were successfully prepared using both methods.l_ 
